The present study introduces the principle of atomic force microscopy (AFM) and reviews our results of human metaphase chromosomes obtained by AFM. AFM imaging of the chromosomes revealed that the chromatid arm was not uniform in structure but had ridges and grooves along its length, which was most prominent in the late metaphase. The arrangement of these ridges and grooves was roughly symmetrical with the counterpart of the paired sister chromatids. AFM imaging of banded chromosomes also showed that the ridges and grooves were related to the G/Q-positive and G/Q-negative bands, respectively. At high magnification, the chromatid was seen to be produced by the compaction of highly twisted chromatin fiber loops, and its compaction tended to be stronger in the ridged regions of the chromosomes than in the grooved regions. Our AFM studies also showed the presence of catenation of chromatin fibers between the ridged portions of the chromatid in the late metaphase. Thus, AFM is useful for obtaining the three-dimensional surface topography not only in ambient conditions but also in physiological liquid conditions, and is expected to be an attractive tool for investigating the structure of chromosomes.
Introduction
The higher-order structure of chromosomes has been a subject of deep interest to researchers because it is intimately related to the mechanism of chromosome condensation and chromatid separation during mitosis. For this purpose, electron microscopy has been applied because chromosomes of micrometer size are difficult to analyze by light microscopy (see the review by Inaga et al. 2007) . Thus, the ultrastructure of chromosomes has been studied by transmission electron microscopy (TEM) (e.g., Gall 1963 , DuPraw 1970 , Laemmli et al. 1978 . Scanning electron microscopy (SEM) has also been applied to studies of chromosomes because it can provide threedimensional information on the sample surface (e.g., Pease & Hayes 1966 , Tanaka et al. 1970 , Harrison et al. 1985 , Sumner 1991 , Inaga et al. 2002 . Various models of the higher-order structure of chromosomes have been proposed by previous investigators who observed chromosomes by TEM and/or SEM. These include the folded-fiber model (DuPraw 1965) , the successive helical coiling fiber model (Bak et al. 1977 , Sedat & Manuelidis 1978 , the scaffold and radial loop model (Laemmli et al. 1978 , Marsden & Laemmli 1979 , and the helical coiling of radial loops model (Rattner & Lin 1985 , Rattner 1992 , Kireeva et al. 2004 . However, the issue is still unresolved, probably owing partly to the difficulty of preserving the native chromosome structure during preparation, and also to the technical limitations for precise investigation of chromosomes by conventional TEM and SEM; whole chromosomes are too thick and condensed to be observed using TEM, while drying and metal-coating are required for SEM.
The atomic force microscope was invented in 1986 as an offspring of the scanning tunneling microscope (Binnig et al. 1986 ). This microscope has no lens but scans a sharp probing tip over a solid sample while monitoring the interaction force between the tip and sample surface. This creates three-dimensional information about the sample topography similar to that obtained by SEM. Thus, AFM has recently been applied to studies of the surface structure of various kinds of biological samples (see reviews by Engel et al. 1999 , Ushiki 2003 , Hörber & Miles 2003 , Ushiki & Kawabata 2008 ). To our knowledge, AFM imaging of chromosomes is first reported in 1992 . Since these publications, a considerable number of AFM studies of chromosomes in various species have been published (e.g., Fritzsche et al. 1994 , 1995 , Tamayo & Miles 2002 , Thalhammer & Heckl 2003 . We have also been investigating the structure of human chromosomes by AFM and the results obtained have been published as several original articles and reviews (Ushiki et al. 1996 , Hoshi & Ushiki 2001 , Kimura et al. 2004 . In this review, we will first briefly introduce the principle and advantages of AFM, then discuss our AFM studies on the structure of human chromosomes, and finally provide some comments on the higher-order structure of chromosomes.
Principle of atomic force microscopy (AFM)
The basic concept of AFM is the measurement of forces between a probing tip and a sample surface (Meyer et al. 2004) . For this purpose, a flexible cantilever with a sharp tip is most commonly used as the force sensor; when the tip approaches the sample surface, an interaction force occurs between the tip and the sample surface, which influences the position of the cantilever (Figure 1 ). In most instruments, the positional change of the cantilever, or cantilever deflection, is monitored by the beam-deflection method; a laser beam is reflected from the rear side of the cantilever and its deflection is monitored with a position-sensitive photodetector. Thus, the tipsample force can be accurately detected by the cantilever deflection. During AFM imaging, the sample is scanned by the tip in the xy-plane and the tipsample force is monitored and recorded. The signal is also used to keep the interaction force constant by electronic feedback to the scanner. A piezoelectronic xyz-scanner is usually used both to control the vertical position of the sample (z) and to raster-scan the sample in the xy-plane.
Several modes of operation of AFM have been introduced according to the method of cantilever operation, but they can be divided generally into static and dynamic modes. In the static mode, the tip is simply dragged across the sample surface, and the tip-sample force is monitored by the static bending of the cantilever. Because the cantilever is permanently in contact with the sample surface during scanning, this mode is also often called the contact mode. In the dynamic mode, the sample surface is scanned with a vibrating cantilever, and the tipsample force is monitored by alteration of the resonance frequency or oscillation amplitude of the cantilever. The most commonly used dynamic mode measures a reduction of the oscillation amplitude as a feedback signal and is also referred to as the intermittent contact or tapping mode. The advantage of the dynamic mode is that it reduces the effect of lateral forces exerted on the cantilever during scanning. The vertical interaction force can also be controlled more finely in the dynamic mode (10 j9 -10 j10 N) than in the contact mode (about 10 j8 N). In this regard, the dynamic mode is more commonly used for AFM imaging of chromosomes than the static mode, because the biological sample is very soft and easily deformed by the external force. We used the dynamic mode for AFM imaging of chromosome under ambient or liquid conditions. AFM has several imaging modes . The AFM image produced by the feedback voltage to the z-scanner is called the Fconstant force image_ (or height image), which contains height information on the sample. On the other hand, the image can be obtained by displaying the change in cantilever deflection (in contact mode AFM) or cantilever oscillation (in dynamic mode AFM); this is called the Fvariable deflection image_, which is especially useful for detection of the height change of the sample. In the studies described in this paper, we used the constant force image mode for showing height information of chromosomes.
Advantage of AFM in the studies of chromosomes
We previously attempted to compare the AFM images of the chromosomes with SEM images (Ushiki et al. 1996) ; after imaging by AFM, the specimens were coated with platinum-palladium in an ion coater and observed by SEM (Figures 2 and 3 ).
These observations clearly showed that the AFM images can compare with the SEM images. However, the results also suggested that there are several advantages of AFM imaging, which can be summarized as follows:
1. AFM can create a three-dimensional image of the chromosomes similarly to SEM. 2. With AFM, individual atoms have been observed in a few hard, crystalline samples. This means that the AFM has potential for providing threedimensional information on the surface topography of chromosomes at resolutions from the micrometer scale to the atomic scale.
3. Because SEM creates images by scanning the sample surface with an electron beam, samples need to be conductive-stained and/or metal-coated before SEM observation. This implies that precise information on the surface topography is hidden owing to the presence of the coating and/or staining substances. In contrast, AFM enables the direct observation of chromosomes without metal coating or any conductive treatment. 4. In contrast to a scanning electron microscope operated under vacuum condition, the atomic force microscope has the advantage of creating images not only in vacuum but also in air or liquid environments, indicating that one can expect to study the structure of wet chromosomes by AFM. 5. Usually, SEM images contain no quantitative information on the sample height. However, the atomic force microscope provides quantitative information in three dimensions, and the sample profile containing height information can be easily obtained from AFM images.
Sample preparation
Sample preparation methods are basically the same as those for TEM or SEM. Most commonly, Figure 1 . Schematic illustration of the atomic force microscope (AFM). The AFM has a sharp probing tip which scans over a sample while measuring the interaction force between the tip and the sample surface. The tip is attached to the end of a cantilever which serves as a force sensor. A piezoscanner is usually used both to control the vertical position of the sample (z) and to raster-scan the sample in the xy-plane.
chromosome spreads are used for observation of chromosomes by AFM, because the specific number of chromosome can easily be determined in the spread. Isolated chromosomes are also used for AFM observation under liquid conditions, in order to study the structure of wet and unfixed chromosomes. Sample preparations used in our studies are shown in flowchart form in Figure 3 .
Chromosome spreads
Human lymphocytes collected from heparinized peripheral blood of healthy male donors were cultivated in karyotyping culture medium (PB-max, Gibco, BRL, UK) with 10% fetal calf serum for 72 h at 37-C, under 5% CO 2 and 95% air. In some cases, lymphocytes after cultivation were arrested in metaphase by adding colcemid to the culture medium at a final concentration of 0.05 mg/ml for 1 h. The cell suspension was then exposed to 75 mM KCl for 30 min at room temperature and fixed with Carnoy_s solution (methanol-acetic acid 3:1 v/v). Chromosome spreads were then formed by dropping the cell suspension onto glass slides, and leaving them in a humid atmosphere.
Isolated chromosomes
Cells from the human cell line BALL-1 (RCB0256), obtained from RIKEN Cell Bank (Riken, Tsukuba, Japan), were grown in a 40 ml flask in culture medium (RPMI 1640, Invitrogen Japan, Tokyo) at 37-C under an atmosphere containing 5% CO 2 and 95% air. After arrest with 0.06 mg/ml colcemid for 12 h, the cells were suspended and centrifuged at 190 g for 10 min at 4-C, resuspended as a pellet in 10 ml of the culture medium for 20 min, centrifuged again at 190 g for 10 min, and then exposed to 75 mM KCl for l5 min. These cells were collected by centrifugation at 190 g and isolated using the hexylene glycol method (Wray & Stubblefield 1970 , Hoshi et al. 2006 . After imaging by AFM, the specimen was coated with platinum-palladium in an ion coater and observed by SEM (see also Figure 3 ). The height of the specimens in the AFM image is displayed as color gradations. The AFM image corresponds well to the SEM image, but has the advantage in giving height information of non-coated samples. (Reproduced with permission from Ushiki et al. 1996.) Human metaphase chromosomes observed by AFM
AFM of dried chromosomes
The simplest technique is to observe dried chromosomes under ambient conditions by AFM. The contours of metaphase chromosomes with a centromere and paired chromatids are clearly observed by AFM. However, each chromatid of the air-dried chromosomes is flattened, usually about 1 mm in width and about 40-50 nm in height (Hoshi & Ushiki 2001 . The chromosome arms were rather uniform in structure with a flat surface, and, even at high magnification, they showed only a granular appearance. This is probably due to the deformation artifact caused by surface tension during air-drying, as well as the presence of a blanket-like layer of cytoplasmic debris draped over the chromosome during the standard method for preparation of the chromosome spread.
To minimize the deformation artifacts caused by air-drying, we have applied the critical-point drying method for sample preparation of chromosomes; the same technique is commonly used in SEM . Briefly, the chromosome spreads produced by dropping the cell suspension onto the glass slide were dried for a few minutes, and hydrated again by immersion in phosphate buffer for 30 min or more. They were then treated with a 1% tannic acid solution for 15 min, washed in the buffer for 15 min (3 changes, 5 min each), and treated with a 1% OsO 4 solution; this treatment is useful not only for hardening chromosomes but also for preventing the shrinkage of the samples during preparation. These samples were dehydrated in a graded series of ethanol, and critical-point dried in CO 2 .
To remove the cytoplasmic debris, some investigators recommend an enzymatic digestion with pepsin and/or RNase for AFM observation of chromosomes (Tamayo et al. 1999 , Tamayo & Miles 2002 . In our case, we carefully selected chromosome spreads with little cytoplasmic debris by phasecontrast light microscopy and used these samples for AFM imaging. In these specimens with appropriate treatment, human chromosomes were measured to be about 200-350 nm in height, and often showed circumstantial grooves and ridges on the surface of the chromatid arms (Figure 4) . The arrangement of the grooves and ridges was roughly symmetrical with that of the counterpart paired sister chromatid. At high magnification, the surface of the chromosome often showed a globular appearance, but careful studies suggested that they were produced by strongly twisted fibrous structures about 50 nm thick , Hoshi et al. 2007b . The degree of twisting of fibrous structures (or chromatin fibers) was marked in the ridged portions, while it was somewhat weaker in the grooved portions.
Although not commonly found, loops of chromatin fibers were recognized at the periphery of metaphase chromosomes that were accidentally loosened during the sample preparation ( Figure 5 ). This suggests that chromatin fibers are anchored in places along the axis of the chromatid to form a number of loops, which are strongly twisted at (and below) the chromatid surface.
AFM of the chromosomes further revealed that a pair of sister chromatids was not completely separated even in late metaphase, but was connected by fibrous structures about 50-60 nm thick, suggesting the presence of catenation of chromatin fibers between the paired chromatids . While the catenation was present throughout the gap between the paired chromatids in prometaphase, it was restricted to the ridged portions of the chromatids in late metaphase, especially in mitosis without colchicine treatment.
AFM of wet chromosomes
In order to analyze chromosomes under conditions much closer to the physiological state, human chromosomes were also observed in a liquid environment by AFM (Hoshi et al. , 2006 . Chromosome spreads of human lymphocytes were briefly dried in air in order to fix them onto the glass slides, and were then immersed in phosphatebuffered saline. The height of the chromosomes was generally about 200-300 nm but sometimes ranged up to 600 nm , probably depending on timing of drying and rehydration during preparation.
The surface of chromatids in the wet chromosomes was characterized by the presence of alternating ridges and grooves, the arrangement of which was roughly symmetrical with the counterpart paired sister chromatids (Figure 6 ). These features were almost the same as those found in the critical-point dried chromosomes, but the patterns of ridges and grooves were more apparent in the wet chromosomes than in the critical-point dried chromosomes. It should be noted that the number and arrangement of the ridges and grooves appeared to be specific to the type of chromosome; for example, the number of ridges was usually 17 for chromosome 1, and 16 for chromosome 2 in late metaphase . Some ridges were connected with those of the counterpart paired chromatid and they closely associated with each other.
For study of the structure of unfixed (or native) chromosomes in liquid environment, isolated human metaphase chromosomes were also observed by AFM (Hoshi et al. 2006 ). Isolated chromosomes as described above were adsorbed onto a silane-coated glass slide by dropping the chromosome suspension onto the slide. The chromosomes to be studied were selected in the hexylene glycol buffer with a phasecontrast microscope, and were observed by AFM in the same buffer solution (Figure 7 ). These chromosomes were about 1 mm in width and ranged from 400 to 800 nm in height. At high magnification, globular or fibrous structures about 30-50 nm thick were observed on the surface of each chromatid, which corresponded well to the findings obtained in the critical-point dried samples. The partial connection of paired sister chromatids with entangled chromatin fibers was also observed in these chromosomes.
Chromosome bands observed by AFM
The presence of chromosome banding was first introduced by Caspersson et al. (1970) , who discovered that quinacrine mustard produces consistent fluorescent banding patterns along each human chromosome in the chromosome spread. Since then, a number of chromosome banding techniques have been reported by various investigators (see the review by Bickmore & Craig 1997) . The most common methods of chromosome banding are for C-(centromere), Q-(quinacrine), G-(Giemsa) and R-(reverse) banding.
There have been various reports on the ultrastructure of banded chromosomes by TEM and/or SEM (Schwarzacher et al. 1975 , Bath 1976 , Harrison et al. 1981 , 1983 . In AFM studies of chromosomes, several investigators including us have also been interested in the structure of banded chromosomes (Musio et al. 1997 , Sahin et al. 2000 , Hoshi & Ushiki 2001 , Thalhammer et al. 2001 . Among them, AFM studies on G-banding clearly showed that the air-dried G-banded chromosomes had clear ridges and grooves corresponding to the G-positive and G-negative bands, respectively (Hoshi & Ushiki 2001) (Figure 8 ). AFM also revealed that G-banded chromosomes were formed by aggregation of chromatin fibers about 50-100 nm in diameter, and the arrangement of these fibers differed between the G-positive and G-negative regions; G-positive ridges were composed of an aggregation of chromatin fibers, while the fibers were sparse and loose in G-negative grooves. It is interesting that the grooves were very shallow, or sometimes unclear in the G-negative portions of critical-point dried chromosomes. However, at higher magnification, the chromatin fibers were looser in the G-positive portions of the critical-point dried chromosomes, suggesting that certain proteins were extracted dominantly from G-negative portions by trypsin treatment. This probably caused the collapse of G-negative portions due to the surface tension of water during air-drying (Hoshi & Ushiki 2001) .
AFM of Q-banded chromosomes also revealed that the structure of the Q-banded chromosomes is essentially the same as that of the G-banded chromosomes, in that the Q-positive and Q-negative portions correspond roughly to the ridges and grooves of the Q-banded chromosomes (Figure 9 ). AFM studies further showed that the ridges and grooves of the Q-banded chromosomes are the same as the ridges and grooves of non-banded chromosomes as described above. Chromatin fibers bridging the gap between paired chromatids were also prominent in the ridged portions of the banded chromosomes.
The structure of human metaphase chromosomes
The structure of human metaphase chromosomes based on our AFM studies can be summarized as follows:
1. The chromatid arm of metaphase chromosomes is not uniform in structure but has ridges and grooves along its length, which are most prominent in late metaphase. The arrangement of these ridges and grooves is roughly symmetrical with the counterpart paired sister chromatid, and the number and arrangement of the ridges and grooves are considered to be specific to the type of chromosome. The ridges and grooves roughly correspond to the G/Q-positive and G/Q-negative bands, respectively. 2. The chromatid is filled with granular and/or fibrous structures about 50-60 nm in diameter on its surface. The appearance of chromatin fiber loops at the periphery of chromosomes suggests that the chromatid is produced by the compaction of highly twisted chromatin fiber loops in each portion. 3. The compaction of the chromatin fibers tended to be stronger in the ridged regions of the chromosomes than in the grooved regions. 4. The paired chromatids are usually connected to each other by chromatin fibers. These connections are especially apparent in the ridged regions of the chromatids of the late metaphase chromosomes.
A schematic representation of the structure of human metaphase chromosomes based on our AFM findings is shown in Figure 10 . We consider that the structure of the chromosome arm is not uniform but heterogeneous because of the presence of highly condensed and less condensed regions in each chromosome; the highly condensed regions are observed as ridged portions of the chromatid, which are also related to G/Q-positive bands. The less condensed regions, on the other hand, are observed as grooved portions, which are related to G/Q-negative bands. Previous biochemical studies showed that the DNA of G-positive bands is AT-rich compared with the GC-rich content of G-negative bands (Holmquist et al. 1982) . Thus, it is probable that the ridged portions with AT-rich DNA are composed of relatively highly condensed heterochromatin, which is also highly condensed in the metaphase chromosomes.
The presence of alternating ridges and grooves in metaphase chromosomes might be considered in connection with the spiral arrangement of the sister chromatid in the chromosomes of various species (Makino 1936 , White 1940 . Ohnuki (1968) treated human lymphocytes with a special hypotonic solution and showed that the sister chromatids of the human metaphase chromosome were composed of a spiral or zigzag fiber. Our AFM observations of these chromosomes showed that the zigzag arrangement is also closely related to the arrangement of ridges and grooves in the metaphase chromosome ; the comparison of light-microscopic images with AFM findings showed that the aggregations of chromatin fibers are prominent in the regions where the chromatid is densely stained with a Giemsa solution, suggesting that the zigzag arrangement of the chromatid is produced by the presence of condensed and less condensed portions along the chromatid arm of the human metaphase chromosome. It might be also important to consider the structure of the metaphase chromosome in relation to immunocytochemical findings on the distribution of topoisomerase IIa, which is known to be a scaffold protein of the chromosome (Earnshaw & Heck 1985 , Maeshima & Laemmli 2003 , Hoshi et al. 2007a ; immunofluorescence of topoisomerase IIa is not uniform but is spotted along the chromosome axis, and the pattern of these spots in the chromosome arms seems to overlap with the banding pattern of G/Q-banded chromosomes.
We showed that a pair of sister chromatids is not completely separated even in late metaphase, but is connected by chromatin fibers especially in the ridged portions of the chromatids. Holmquist et al. (1982) considered that G-negative bands (containing GC-rich DNA) corresponded to the early clusters of Ushiki et al. 2002.) DNA synthesis, and G-positive bands (containing AT-rich DNA) corresponded to the late clusters. Our findings might suggest that the separation of pairs of chromatids does not proceed uniformly along the chromosome arm but is delayed in the G-positive portions, resulting in the presence of catenation of chromatin fibers in regions between the ridges of the chromosome.
Conclusions
The present paper has introduced the principle of AFM as a tool for obtaining images of the threedimensional surface structure of chromosomes, and discussed our results on AFM imaging of human metaphase chromosomes for the assessment of the high-order structure of chromosomes. AFM has the characteristic of being amenable to obtaining images of samples not only in vacuum but also in air and liquid. Thus, AFM imaging of chromosomes under ambient conditions is useful for analyzing the structure of chromosomes when the sample preparations are appropriate because AFM can obtain images of the sample topography without any coating. AFM imaging of chromosomes in liquid environments is also very attractive because sample preparation can be minimized, resulting in the prevention of artifacts arising during the preparation processes hitherto employed. As a result, chromosomes can be directly observed under conditions much closer to the physiological state.
Recent advances in AFM have made it possible to collect topographic and other physical information simultaneously from the same regions of samples (Ushiki & Kawabata, 2008) . One example is the detection of local elasticity of samples together with topographic information by AFM; viscoelastic Figure 10 . Schematic representation of the higher-order structure of the human metaphase chromosome. The chromosome is composed of a pair of sister chromatids with ridges and grooves. The chromatid is filled with granular and/or fibrous structures about 50-60 nm in diameter on its surface, suggesting that the chromatid is produced by the compaction of highly twisted chromatin fiber loops. The compaction of the chromatin fiber loops appears stronger in the ridged regions than in the grooved regions. The paired chromatids are often connected with entangled chromatin fibers, suggesting the presence of the catenation even in the metaphase chromosome (Hoshi et al. 2007b.) images obtained by this method can visualize differences in surface stiffness or local elasticity of single human chromosomes (Nomura et al. 2005; Kawabata et al. 2007 ). On the other hand, AFM combined with scanning near-field optical microscopy (SNOM), or SNOM/AFM is one of the candidates for an attractive tool for the study of chromosomes, because it can collect both topographic and fluorescence images of the same portion of the samples simultaneously (Iwabuchi et al. 1997; Yoshino et al. 2002 . Thus, SNOM/AFM is expected to be used for future studies of the structure of chromosomes in relation to the localization of their components labeled with fluorescent substances.
Furthermore, the development of high-speed AFM has advanced recently. Using this technique, topographic images of samples can be obtained at video rate (Picco et al. 2006 ) Thus, high-speed AFM imaging is expected to be used to investigate dynamic changes in the structure of chromosomes through direct observation of native chromosomes under liquid conditions.
